When two surfaces at two different temperatures are separated by a distance comparable to a mean-free path of the molecules of the ambient medium, the surfaces experience Knudsen force. This mechanical force can be important in microelectromechanical systems and in atomic force microscopy. A theoretical discussion of the magnitude of the forces and the conditions where they can be encountered is discussed. A potential application of the Knudsen force in designing a cantilever-based vacuum gauge is discussed.
I. INTRODUCTION
Knudsen forces are mechanical forces that exist between two surfaces at two different temperatures separated by a distance of one or a fraction of a mean-free path of the molecules of the medium. Though Knudsen forces are extremely small in most cases involving microcantilevers, there exist situations where these forces can be large.
Microcantilevers are routinely used in atomic force microscopy ͑AFM͒. In AFM, microcantilevers are brought in close proximity to a surface to be imaged. The distance between the cantilever and the sample surface is equal to the probing tip at the free end of the cantilever. This separation is many microns in most cases: Much higher than the meanfree path of the molecules in air at normal pressure. However, AFM can also be used in a vacuum where the meanfree path is larger than the distance of separation between the cantilever and the sample surfaces. In most cases, there exists a temperature difference between the cantilever and the surface. This temperature difference can originate from many different sources. For example, a piezoresistive cantilever is always at a higher temperature due to resistive heating of the cantilever. Even in the commonly used optical beam deflection technique, the cantilever is at a higher temperature due to laser heating of the surface. If the cantilever and the sample surfaces have different optical absorption, that can lead to a temperature difference between the cantilever and the sample surface. Thus, the two necessary conditions required for Knudsen forces namely temperature difference and separation distances comparable to mean-free path length of the molecules in the immersed medium are often encountered in many cases.
There are several scenarios where Knudsen forces play a role in microelectromechanical systems structures, for example, sensors based on microcantilevers. Recently, many physical, chemical, and biological sensors are demonstrated using microcantilevers. Though Knudsen forces will be small in most cases involving microcantilever sensors, there exist a few cases where Knudsen forces can be large. For example, when the capacitive detection method is used to monitor microcantilever motion in low-pressure conditions. One example will be detecting infrared radiation using bimaterial microcantilevers using capacitive monitoring of cantilever motion. To improve the thermal sensitivity of the system, it can be evacuated to low pressures to decrease the loss of heat energy from the cantilever. Knudsen forces can be important in low-pressure vacuum AFM where the sample is heated. In this case, there exists a Knudsen force between cantilever and the sample. Another example will be a piezoresistive cantilever imaging an object at room temperature in a vacuum.
II. BACKGROUND THEORY
One of the ways through which a gas in a vacuum system can possess nonuniform density and pressure is the existence of temperature gradients in the gas or on the confining surfaces of the vessel. 1, 2 In order to study the effect of such thermally induced nonuniformities, we consider a closed system containing a gas of a certain low pressure in equilibrium. The phenomenon of thermal transpiration [3] [4] [5] takes place in such a system if we, through some mechanism, maintain two different temperatures T 1 and T 2 in two different interior regions of the system, and if, as a result of this difference, a gas transport or a flow region is established so that a pressure variation from P 1 to P 2 is developed there. Knudsen 6 showed that the following relation holds under the steady-state conditions of the gas at low pressures, that is when the thermally induced flow and the pressure flow are in balance
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Experimental and theoretical work have indicated deviations from this relation 2, 7, 8 and much work has been conducted to improve the accuracy of Eq. ͑1͒. Two geometries are of particular importance; cylindrical and planar.
Thermal transpiration systems composed of two concentric cylinders where a temperature gradient along or between the cylindrical surfaces gives rise to a pressure gradient which in turn results in transverse and longitudinal force densities in the flow field have been studied in conjunction with precise microbalance experiments.
9-12 Liang [13] [14] [15] [16] worked an empirical equation for the pressure ratio in Eq. ͑1͒ based partially on experimental observations. Takaishi and Sensui 17 similarly gave an improved version of Liang's equation. Recently, these results were used to study the thermal transpiration in helium and nitrogen across an individual 18 or an array of silica capillaries. 19 Some related experimental, 20 theoretical ͓Bhatnagar-Gross-Krook ͑BGK͒ model͔, [21] [22] [23] [24] [25] [26] and numerical ͓one-dimensional and two-dimensional direct simulation Monte Carlo ͑DSMC͔͒ 23,27-30 work can be mentioned in this regard. The Knudsen forces arising in such cases display a peak as a function of the Knudsen number. 12 The Knudsen number at temperature T and pressure P for a medium with viscosity composed of molecules of mass M m and mean-free-path can be defined for structures with a characteristic dimension d via
where the universal gas constant R 0 is related to the Boltzmann constant and the Avogadro's number by R 0 ϭkN A . Using this definition, the force is small in the low ͑near-continuum limit͒ and high ͑free molecular limit͒ Knudsen number regions, and exhibits a maximum in the transition region, i.e., the pressure region where both moleculemolecule and molecule-surface collisions are important in a transport process. In the planar thermal transpiration systems, typically a flow field is set up around and near the surface of a single flat structure or between several planar structures as a result of the generation of a temperature gradient and its accompanied pressure gradient, for example, in conjunction with thermophoresis and radiometer effects. 5 The former is the the motion of a small particle in a region of the gas where a temperature gradient exists; for example, a flat or spherical particle inside a tube that has a varying temperature along its surface. 31 Similarly, the latter is the phenomenon responsible for the rotation of the vane of a Crookes radiometer upon exposure of the vane to light and thus generation of a temperature gradient in the direction from the exposed side of the vane to the unexposed side. 32, 33 This type of energy transport between surfaces at different temperatures leads to the molecular radiometer force which is the basis of the Knudsen gauge, which is an absolute pressure gauge, 34 -36 and the Knudsen compressor. 37 In an attempt to theoretically study such effects, the extent to which energy transfer takes place when a gas molecule strikes a surface is expressed in terms of the accommodation coefficient introduced by Knudsen. 6, 5 In the low Knudsen number regimes, the aforementioned flow fields are associated with a creeping motion of the gas ͑thermal creep or thermal slip͒ in a thin layer adjacent to the surface. 20, 3 Thus, the molecules moving with a creep velocity transfer momentum in the flow field as a result of the presence of a temperature gradient. In this work, we will consider, in the high Knudsen number regime, the general form of the force between a microcantilever modeled as a planar object in close proximity to a sample/substrate also modeled as a flat surface. The cantilever is free to deflect under the Knudsen force but otherwise assumed to be stationary, that is any thermal undulations in the microcantilever are assumed to be negligible. The sample/substrate is assumed to be rigidly fixed. Furthermore, the degree of participation of the cantilever and substrate in heat conduction will be expressed in terms of two accommodation coefficients for the top and bottom surfaces of the cantilever, respectively, and a third for the substrate surface. There are currently sensing and imaging applications that require one side of the cantilever be coated, and thus the assumption of two different accommodation coefficients for the two sides of the cantilever is justified.
We now more specifically consider a simple vacuum system composed of a vessel and a pump as shown in Fig. 1 . The pump is turned on at tϭt 0 and operates continuously for tϾt 0 until the desired mean-free-path is achieved. The initial (tрt 0 ) pressure, temperature, and mean-free path of the confined gas are P(t 0 )ϭ P 0 , T(t 0 )ϭT 0 , and (t 0 )ϭ 0 where P 0 and T 0 are the atmospheric pressure and room temperature, respectively. For tϾt 0 , these quantities are denoted by P(t)ϭ P r , T(t)ϭT r , and (t)ϭ r . The vessel is in thermal and mechanical equilibrium with the surrounding environment, that is the temperature on the vessel surfaces is uniform and equals T 0 and remains constant at all time t. At tϭt 0 , the number of molecules per unit volume of the gas n is of such high magnitudes that molecule-molecule, as opposed to molecule-surface, encounters dominate the kinetic properties of the gas. For example, for air at room temperature T 0 ϭ20°C (ϭ293.15 K) with pressure P, and character- istic length d expressed in units of bar and m, respectively, the Knudsen number Eq. ͑2͒ can be evaluated by 3 
Knϭ
6.6ϫ10 4 Pd , ͑3͒
which for dϭ1 m ͑a typical working distance in AFM studies͒ and for atmospheric pressure P 0 ϭ1 atm ϭ1013.25 mbar yields Knϭ0.065 corresponding to 0 ϭ65.1 nm. Under these conditions, the gas can be considered as a fluid. When the pumping starts at tϭt 0 , an anisotropy in the velocity distribution of the gas molecules with a subsequent creation of various flow regimes are established.
As the pumping progresses, the number density of the gas decreases due to the continuous removal of the molecules by the pump and thus the mean-free path increases reducing the dominance of the intermolecular collisions over the molecule-surface collisions. For fixed vessel dimensions, we thus enter a pressure regime where the frequency of molecule-surface collisions is of the same or higher order of magnitude as that of the intermolecular collisions.
For example, for a typical pressure of P r ϭ20 bar achieved by a mechanical pump, and a separation distance of dϭ40 m, Eq. ͑2͒ gives Knϭ82.5, that is the free molecular regime. This corresponds to a mean-free path of r ϭ3300 mӷd appropriate for a Knudsen gas.
At such high Knudsen number regime, the pump is turned off whereafter the velocity distribution of the molecules will reach an isotropic steady state. No sources or sinks of gas are present at this stage. The microscopic properties of the resulting stationary gas can now be described by the Maxwell-Boltzmann distribution function which is the solution of the Boltzmann equation in the absence of intermolecular collisions. No temperature or pressure gradients exist in the system under these conditions. Denoting the molecular velocities by c and coordinates by x for a gas under the influence of the external force F the general form of Boltzmann equation is
where Q( f , f ) is the collision term and expresses the variation of f due to intermolecular collisions. Under certain assumptions regarding the function Q, it can be shown 23 that a Maxwellian distribution is the solution of Qϭ0 for a uniform steady state. Neglecting the influence of external forces on the confined gas such as gravity, for a local Maxwellian distribution, i.e., the solution to
f can be expressed at location xϭ(x, y, z) and at the solid angle d⍀ϭsin dd ͑see Fig. 2͒ as
where R is the gas constant, and T ⍀ is the temperature of the molecules in the direction specified by the solid angle d⍀ in the velocity phase space V c at x . 23 Wu 8 showed by comparing this solution Eq. ͑6͒ with another formal solution of Eq. ͑5͒ using a surface collision density function as the initial condition in a diffuse reflection boundary condition that the product of the square root of the directional temperature T ⍀ , and the number density at d⍀ denoted by n ⍀ is a constant K throughout a gas described by f, that is Kϭn ⍀ ͱT ⍀ is an invariant. Returning to our discussion, if we now introduce a convex object, such as a microcantilever into the vacuum system described by Eq. ͑6͒, and assume that it is in thermal equilibrium with the Knudsen gas there, then the molecules colliding with the surface of the cantilever will transfer momentum to it in such a way that the net momentum of the microcantilever is zero. If we now increase the temperature of the cantilever to T c ϾT r by some external means such as Joule heating or optically via irradiance by a laser beam, the local equilibrium is perturbed and a flow field is set up in the neighborhood of the cantilever. The velocity distribution of the molecules in this region will no longer be a Maxwellian due to the loss of the isotropicity. As mentioned in the Sec. I, the vacuum system is now called a thermal transpiration system and the kinetic energy transfer ͑thermal conduction͒ between the cantilever and the gas can be studied in terms of the ability of the surface material of the cantilever to alter the energy of an incident molecule upon a molecule-surface encounter. This can be formulated in terms of the coefficient of accommodation a which can be written for energy, temperature, or momentum and can have normal or tangential components. For example, when aϭ1, the incident molecule is reflected diffusely after complete accommodation to the surface temperature, whereas in the case aϭ0, the reflection is completely specular, and the temperature of the reflected molecule equals that of the incident. Obviously, in the absence of any directional preferences for the molecules distributed far from the cantilever, the net momentum transferred to the cantilever will again be zero if the accommodation coefficient is equal on both sides of the cantilever. These considerations are evident from Knudsen's radiometric pressure difference derived for a vane in a free molecular ͑collision-free͒ regime 6 which with our notations is given by
where is the relative temperature, i.e., ϭT c /T r Ϫ1. Knudsen showed by balancing the flow of molecules in a tube to zero that the quantity PT Ϫ1/2 is a thermal transpiration in- variant from which Eq. ͑1͒ is easily derived. However, Wu 8 showed that the departure from an isotropic distributions modifies this invariance, and introduced a function I(x) as a measure of this departure. Thus, the new invariance for a Knudsen gas confined in a volume V was shown to be given by
where ␥ is a gas specific constant. Here, following Wu's results, 8 we will utilize this new invariance to derive a general expression for the force per unit area of the microcantilever. This can be accomplished by using Eq. ͑8͒ to calculate the pressure around the cantilever. We thus need to calculate the functions T(x) and I(x) in Eq. ͑8͒. We first note that since the molecules of mass m in the residual gas of density move randomly and, therefore, the average of the square of the velocity ͗c 2 ͘ϭ3͗c z 2 ͘ we get the scalar pressure P kT and kϭmR we get P ϭRT. Then using the distribution function Eq. ͑6͒ and the invariance ͑8͒ the temperature at a point x in the gas T ϭ 1/3R͗c 2 ͘ can be calculated by averaging the contributions to c 2 from all directions at the solid angle d⍀ in the differential volume of the velocity phase space dV c
where dV c ϭc 2 dcd⍀ with d⍀ϭsin dd at c ϭc(sin sin , sin cos , cos ) in the spherical coordinates. The denominator in Eq. ͑9͒ is the number of the molecules per unit volume at x
whereas the total number of molecules in the volume V ϭ͐͐͐ V x dV x of the system is
where dV x ϭdxdydz is a differential volume at x ϭ(x, y, z) in Cartesian coordinates. Therefore,
or using Eqs. ͑10͒ and ͑6͒
Similarly, the numerator of Eq. ͑9͒ can be written as
which using the integrals ͑A1͒ and ͑A2͒ in the appendix can be written as
͑15͒
and thus T(x) in Eq. ͑9͒ is given by
͑16͒
Having the expression for the temperature at point x the function I(x) can be calculated from Eq. ͑8͒
which simplifies to
. ͑18͒
III. KNUDSEN FORCE
We now proceed to calculate the force exerted by the gas on the cantilever and the resulting static deflection. Referring to Fig. 3 , and utilizing Eq. ͑8͒ we write for the regions x 1 far away from the cantilever, x 2 between the cantilever and the substrate, and x 3 immediately above the cantilever
Now, the pressure at points just below and and just above the cantilever can be calculated from this invariance in terms of the pressure, temperature, and isotropicity at an arbitrary point x 1 in the system resulting in
The total force on the cantilever can then be calculated from
where e b , and e t are unit vectors normal to the bottom and top parts of the cantilever as in Fig. 3 . In order to evaluate the quantities in Eq. ͑20͒ as given by Eqs. ͑16͒ and ͑18͒, the following energy transfer consideration introduced by Knudsen is utilized. From a balancing of energy fluxes in a diffuse scattering between two parallel plates, Knudsen calculated the heat conduction of the plates with different accommodation coefficients by introducing two opposite moving streams of molecules. 6, 5 Introducing two noninteracting streams T s Ј and T cb Ј as shown in Fig. 3 Similarly, noting that in the region above the cantilever the oncoming stream has the same temperature as that of the residual gas T r as shown in Fig. 3 , we have
͑23͒
For the two opposite moving streams represented by temperatures T s Ј and T cb Ј in the region between the cantilever and the substrate at point x 2 , the temperature T(x 2 ), and the isotropicity I(x 2 ) can also be calculated from Eqs. ͑16͒ and ͑18͒, respectively, by considering that
and similarly
and thus Eqs. ͑16͒ and ͑18͒ are given by
ͱT s ЈϩͱT cb Ј .
͑26͒
As mentioned, in the region above the cantilever at xϭx 3 , the oncoming stream ͑from the upper half space͒ originates from the isotropic region with a temperature T r and thus an integration similar to Eq. ͑24͒ results in
Finally, in the region far away from the cantilever and the substrate at xϭx 1 , the streams in the upper and lower half spaces have the same temperature which results in
ͱT r ϩͱT r
ϭ1. ͑28͒
Thus, using Eq. ͑20͒ in Eq. ͑21͒ along with Eq. ͑28͒, the force per unit area from Eq. ͑21͒ is given by
or using Eqs. ͑26͒ and ͑27͒ and simplifying
The flow system composed of the microcantilever and the sample/ substrate planes held at temperatures T c and T s , respectively, and separated by a distance d smaller than the mean-free-path of the molecules m. The vectors x i represent the isotropic region iϭ1 away from the temperature gradient, the region between the planes iϭ2, and the region immediately above the cantilever iϭ3.
Therefore, using Eqs. ͑22͒ and ͑23͒ in Eq. ͑30͒ the force per unit area for known accommodation coefficients a i of the two sides of the cantilever and the surface of the substrate can be written as
where the dimensionless function g is given by 
where s ϭT s /T r and c ϭT c /T r . Thus, for fixed (a i , T i ) with i spanning the substrate, cantilever, and the rest gas, the function g(T s , T c , T 0 )ϭ␣ is a constant, and the force varies linearly with the pressure in the rarefied regime, that is so long as P r is such that Kn( P r )ϾKn( P rm ) where P rm is a maximum pressure beyond which the effect of intermolecular collisions will be non-negligible in the surface-gas and gas-surface energy transport. Then with the constant given by
any variation in (a i , T i ) only changes the slope of the line F( P r )ϭ␣ P r . It can be easily shown from Eq. ͑31͒ by setting s ϭ1 or c ϭ1 in Eq. ͑32͒ that all the limiting cases a cb ϭa ct a s ; and a s ϭa cb ϭa ct ϭa with a 1 and aϭ1 reduce correctly to the results found in Refs. 6 and 35. In particular, for the case of an isolated cantilever, the form of g can be obtained by assuming that the stream emerging from the substrate belongs to the same class of velocities as the stream moving toward the top of the cantilever ͑see Fig. 3͒, i.e., T s Ј, T s →T r . It can then be seen from Eq. ͑22͒ that a s ϭ1, and from Eq. ͑30͒ that g must be given by
which, as mentioned in Sec. II, will go to zero if either a cb →a ct or T c →T r . Finally, having the force, we proceed to calculate the deflection of the cantilever. The transverse vibrations of a cantilever exposed to an arbitrary resistive force R(x, t), and an arbitrary driving force F(x, t) can be described by 38 
EI
subject to the standard fixed-free beam boundary conditions
and the initial condition W(x, t 0 )ϭ0, where the positive constants E, I, and are Young's modulus, area moment of inertia, and the mass per unit length, respectively. Using these definitions, it is then understood that R(x, t), and F(x, t) are forces per unit length of the cantilever. Neglecting damping for an undriven cantilever of length L in the static limit, and under the influence of the uniform normal force per unit area F given in Eq. ͑31͒, Eq. ͑35͒ reduces to
where ⌰ is the Heaviside function. It is noted here that for cantilevers of arbitrary shape and no particular relation between length and width, one must solve the full plate equation for the static deflection W(x, y). 39 However, in our case, the length of the cantilever is assumed to be much larger than the width, as in most AFM work, and thus Eq. ͑37͒ is justified, that is W(x, y)ϷW(x). We now proceed by integrating Eq. ͑37͒ twice from x→L and twice from 0→x and utilizing Eqs. ͑36͒ and ͑31͒ to yield
or in terms of the maximum deflection W max of the cantilever for given T s , T c , T r , and P r
͑39͒

IV. RESULTS AND DISCUSSIONS
The radiation effects are assumed negligible in the heat conduction process considered here. The contribution of radiation to the heat transfer between the cantilever and the sample can be estimated assuming that the emissivity of the cantilever material ͑silicon nitrite͒, and sample material, is known. For the cantilever and sample in thermal equilibrium with the residual gas, the net radiation exchange is obviously zero. Therefore, assuming that the rest gas is transparent to radiation, increasing the cantilever temperature to T c ϾT s ϭT r , results in a net exchange of qϭl x l y (T c 4 ϪT r 4 )F cs ͓W m Ϫ2 K Ϫ4 ͔ in the black-body limit, where is the Stefan-Boltzmann constant, and F cs is the configuration factor which only depends on the geometry. Modeling the sample surface with a disk of radius Rӷl x facing the cantilever which is located at a distance dϭ10.0 m above it, it can be shown that F cs ϭ1/͓1ϩ(d/R) 2 ͔Ϸ1. Therefore, the ratio ␥ of the radiation delivered diffusely by the cantilever to the sample surface to that delivered diffusely by the upper half space of the vacuum system can be shown to be of the order ␥Ϸ cs A cs c 4 , where cs , and A cs are the ratios of the cantilever to sample emissivities and the areas, respectively. In the black body limit cs →1, this would correspond to ␥ ϭ1.2ϫ10 Ϫ4 . We also note here that optical heating of the cantilever via a laser beam results typically in a focused illumination spot along the cantilever and, thus, the temperature is raised initially in that region giving the cantilever a temperature gradient along its physical length. Existence of such a gradient could then result in slip flow for a certain region of Knudsen number. Here, it has been assumed that no such gradient is present and the cantilever is uniformly heated.
The extension of the microcantilever-substrate assembly to Lockenvitz model 34 for the vacuum gauge application or to an array of cantilevers juxtaposed with surfaces at various temperatures is straightforward. Each cantilever ͑placed between two parallel surfaces similar to that proposed by Lockenvitz͒ at temperature T i in such an arrangement would then deflect according to an equation similar to Eq. ͑38͒, and the pressure P i could be extracted from W max i , so that the pressure of the system would be Pϰ ͚ i W max i /i. These considerations are currently being investigated experimentally by the authors in order to examine the sensitivity and accuracy of such an arrangement as a potential vacuum gauge.
The results presented here are for a pressure P r ϭ10.0 bar. In lieu of Eq. ͑38͒, for the same temperature ratios c , and s , the results at other pressures P r ϭ10.0 ϫ␤ bar can be achieved by multiplying the presented results by ␤ subject to P r Ͻ P rm . Using Eqs. ͑31͒ and ͑38͒, we can estimate the Knudsen forces on commercially available AFM cantilevers and their subsequent deflections. In doing so, we will treat the energy accommodation coefficients a i as parameters due to the lack of measured material data. We first note that if the fundamental vacuum frequency 1 of the cantilever is known, the parameters representing the elastic properties of the cantilever can be removed from Eq. ͑35͒ by the substitution
where 1 ϭ1.875 is the smallest positive root of equation 1 ϩcos n cosh n ϭ0. However, assuming a rectangular cantilever of dimensions ᐉ x ϭ200 m length, ᐉ y ϭ20 m width, and ᐉ z ϭ0.6 m thickness made of silicon with a mass density of ϭ2.33 g/cm 3 For the same selection of the accommodation coefficients, the force behaves differently while still in the same direction as before when the sample temperature T s ϭ350 K is higher than that of the cantilever T c ϭ325 K, and the rest gas T r ϭ300 K as shown in Fig. 5 .
For the cantilever dimensions just specified, and noting that the force in Eq. ͑31͒ is in units of N/m 2 , whereas in Eq. ͑37͒ it is in N/m, Fig. 6 displays the cantilever deflection in units of nm, and as a function of the accommodation coefficients for the bottom and top surfaces of an isolated cantilever held at temperature T c ϭ330.0 K. As can be seen in Fig.  6 , the deflection changes direction depending on whether the point (a cb , a ct ) lies to the right-or left-hand side of the line a cb ϭa ct along which the net force is zero. Also, for the same point in the accommodation plane, the force and thus the deflection reverses direction depending on whether the cantilever is heated c Ͼ1 or cooled c Ͻ1. This can be seen clearly, for example, for the point (a cb , a ct )ϭ(0.9, 0.6) in Fig. 7 at c ϭ1.0.
V. CONCLUSIONS
The results presented here can be used to estimate the temperature and pressure ranges where the Knudsen forces become important in microcantilever applications. Similarly, FIG. 4 . Force per unit area for a ct ϭa cb , acting on the cantilever held at a temperature T c ϭ330 K, while the sample and the rest gas are at T s ϭT r ϭ300 K with P r ϭ10.0 bar.
FIG. 5.
Force per unit area for a ct ϭa cb , acting on the cantilever held at a temperature T c ϭ325 K, while the sample temperature is raised to T s ϭ350 K above the rest gas temperature T r ϭ300 K with P r ϭ10.0 bar .   FIG. 6 . Maximum deflection of an isolated cantilever held at T c ϭ330 K in the free molecular regime at P r ϭ10.0 bar, and T r ϭ300 K.
for given temperature distributions and pressure, the magnitude of the deflection can be estimated using these results. These estimates are important in many cases since, in general, in order to incorporate the geometrical characteristics, such as shape dependency and surface roughness of the cantilever/sample, one has to resort to multidimensional numerical methods such as DSMC. Based on these estimates, the potential of the application of a microcantilever assembly to vacuum measurements was proposed. FIG. 7 . Maximum deflection of an isolated cantilever as a function of the relative temperature of the cantilever and the residual gas c in the free molecular regime at P r ϭ10.0 bar.
